The nuclear receptor NR5A1 (also known as Ad4BP, or SF1) is essential for the initial steps 27 of mammalian gonadal development. The Nr5a1 gene is equally expressed in XX and XY 28 gonadal primordia, but after sex determination, is up-regulated in XY and down-regulated in 29 XX gonads. We recently reported a case of 46, XX disorder of sex development (DSD) in 30 which ectopically expressed NR5A1 in XX gonads led to an ovo-testicular phenotype, 31 suggesting that excess NR5A1 can direct the development of immature XX gonads towards 32 testicular formation. However, a direct causal relationship has not been demonstrated in an 33 animal model. Here, using a Wt1-BAC (bacterial artificial chromosome) transgene system, 34 we generated two lines of mice overexpressing Nr5a1 in the fetal gonads at different levels.
49 and insight into sexual differentiation will bring important new knowledge to our 1 marker of apoptotic cells, in the transgenic ovaries at P28. We observed no obvious changes 2 in the follicles containing Ki-67-positive granulosa cells ( Fig. 4J-L) , but a significant increase 3 in secondary follicles (type 4 and 5) containing cleaved Caspase 3-positive granulosa cells in 4 both Tg-A and Tg-S ovaries (Fig. 4F , G-I, M-O). The increase in follicular atresia correlated 5 with Nr5a1 expression levels, with Tg-S ovaries exhibiting higher levels of atresia than Tg-A 6 ovaries ( Fig. 4F ,G-I,M-O). No increase in type 6 antral follicles containing cleaved Caspase 7 3-positive cells was observed ( Fig. 4F ). Together, these results suggest that overexpression of 8 Nr5a1 caused increased apoptosis of granulosa cells in secondary follicles in a dose-9 dependent manner, resulting in reduced numbers of antral follicles. 10 11 We next assessed the fertility of Tg-A and Tg-S female mice. Tg-S female mice were almost 12 infertile. Of three Tg-S females analyzed, the litter size was reduced from their first mating 13 (Fig. 4P ). The reproductive performance of Tg-A females was also reduced. Although Tg-A 14 mice produced four consecutive litters to begin the study, they failed to produce additional 15 litters thereafter ( Fig. 4Q ), suggesting that these females underwent premature ovarian 16 insufficiency. 17 18 Nr5a1 overexpression represses Notch signaling levels in fetal ovaries 19 Interactions between germ cells and somatic pregranulosa cells are crucial for the formation 20 of ovarian follicles, and Notch signaling plays a major role in mediating this interaction [29- 21 31 ]. In the developing ovaries, oocytes and other neighbouring cells secrete the Notch ligands, 22 including JAG1 and possibly JAG2, which bind to Notch receptors (mainly NOTCH2) 23 present on the surface of pre-granulosa cells, thereby activating Notch signaling [32] . As a 24 result, pre-granulosa cells proliferate and encapsulate individual germ cells to form primordial 25 follicles, i.e., the resolution of germ cell syncytia [30] . Genetic ablation of either Jag1 or 26 Notch2, two important Notch pathway components, gives rise to MOFs and causes premature 1 reproductive senescence [29] . Because of the similarity in the phenotypes between our Nr5a1 2 transgenic mice and Jag1-or Notch2-deficient mice, we hypothesized that enforced 3 expression of Nr5a1 may compromise ovarian development by repressing the Notch signaling 4 pathway.
6
We therefore analysed mRNA expression levels of a number of genes involved in Notch 20 Confirming our hypothesis, we found reduced number of MOFs in Tg-A mice at P14 upon 21 HMN2-29 treatment ( Fig. 6A ). Moreover, treatment with the NOTCH2 agonist completely 22 rescued the numbers of antral follicles in the Tg-A ovaries at P28 (Fig. 6B ). The complete 23 rescue of antral follicle numbers appeared to be a result of reduced atresia of secondary 24 follicles in the treated ovaries ( Fig. 6C-O) . These results suggest that Nr5a1 fine-tunes Notch 1 repression of Nr5a1 during fetal ovarian development is essential to allow the Notch signaling 2 levels to elevate appropriately.
4
We further explored molecular mechanisms by which the Notch signaling pathway regulates 5 fetal ovarian development. To this end, we analysed expression levels of two master 6 regulators of ovarian development, Wnt4 and Foxl2, in the Tg-A ovaries at P0. We found that 7 Wnt4, but not Foxl2, was significantly down-regulated in Tg-A mice compared to wild type 8 ( Fig. 6P, Q) . Importantly, Wnt4 expression in the Tg-A ovaries were fully restored by the 9 administration of HMN2-29 ( Fig. 6Q ), suggesting that down-regulated Wnt4 expression was a 10 result of de-regulated Notch signaling pathway rather than a direct effect of NR5A1 11 overexpression. We note that this regulatory relationship is likely limited to the late-stage Of the two transgenic lines generated, the Tg-S line, expressed Nr5a1 in the XX gonads at 10 levels comparable to that in wild-type testes. Nevertheless, XX mice of the Tg-S line 11 developed female internal and external genitalia. We presume that NR5A1 may play different 12 roles with respect to sex determination in humans and mice, and wild-type NR5A1 may not 13 possess the ability to drive testis differentiation on its own in mice. Consistently, XX mice 14 carrying heterozygous or homozygous R92W mutation in Nr5a1 showed no signs of 15 masculinization [13] , supporting that NR5A1 (and the R92W mutant) may function 16 differently in humans and mice. The differences between humans and mice regarding the 17 molecular mechanisms of sex determination and gonadal development have been documented 18 in several cases. For example, duplication of DAX-1 (NR0B1), an orphan nuclear receptor 19 gene, causes XY female sex reversal in humans [34] , whereas transgenic overexpression of 20 Dax1 in mice does not normally cause female sex reversal [17] . Since a major function of 21 DAX1 is to antagonize NR5A1 [1, [34] [35] [36] , it is conceivable that NR5A1 also plays a species-22 specific role in sex determination. 7 Consistent with these reports, we found that overexpression of NR5A1 in the fetal ovaries of 8 Tg-S mice led to the differentiation of 3β-HSD positive cells, presumably ectopic fetal Leydig 9 cells, at 15.5 dpc. However, the presence of these cells did not lead to an increase in plasma 10 testosterone levels at birth. There may be too few 3β-HSD positive cells in the transgenic 11 ovaries: this is borne out by the fact we did not find significant elevation of Hsd3b gene 12 expression in the Tg-S fetal ovaries by qRT-PCR analysis (data not shown). A recent report 13 revealed that fetal Leydig cells do not have the capacity to produce testosterone because they 14 do not express 17β-hydroxysteroid dehydrogenases (17β-HSD), essential for the last step of 15 testosterone synthesis [24, 39] . Hence, although some ectopic 3β-HSD-positive presumptive The mouse transgenesis procedure was based on a protocol described previously [18] . Briefly, The sections were blocked with 5% BSA-PBS at room temperature for 1 h, followed by 2 overnight incubation with primary antibody at 4 °C. Next, the sections were washed twice 3 with PBS-T, incubated with secondary antibody at room temperature for 1.5 h, and again 4 washed twice with PBS-T. Finally, the sections were incubated with DAPI (1:1000; Dojindo) 5 for 5 min, washed once with PBS-T, and mounted in Fluoromount ™ . The information of 6 antibodies used in this study was indicated in Supplementary Table S2 . 9 Counting was performed as previously described [31] . Briefly, serial sections (6-μm thick)
10 from a whole ovary were placed on 5 slides, each slide containing sequential slices at every 11 30 μm interval (6 μm * 5 slides). Multi-oocytic follicles were defined as follicles containing 12 more than a single oocyte. Anti-MVH antibody (ab13840, Abcam) and DAB staining (25985-13 50, Nacalai Tesque Inc.) was used to count the number of follicles and MOFs. The types of 14 follicles were classified according to previous reports [44, 45] . We used anti-Cleaved Caspase 2 fine-tunes Notch signaling levels to achieve optimal developmental outcomes in both fetal 3 ovaries and testes. 
